A compact band-notched UWB (Ultra-Wide Band) antenna with integrated Bluetooth is developed for personal wireless communication and UWB applications. The antenna operates at the UWB frequency band (3.1-10.6 GHz) as well as Bluetooth (2.4-2.484 GHz), with band-notch characteristics at the Wireless Local Area Network (WLAN) frequency band (5-6 GHz). A new technique of integrating Bluetooth within a UWB band-notched antenna is developed and analyzed. The UWB frequency band is realized by utilizing a conventional cylindrical radiating patch and a modified partial ground plane. The Bluetooth band is integrated using a miniaturized resonator with the addition of capacitors. Further, to mitigate the interference of the WLAN frequency band within the UWB spectrum, a conventional slot resonator is integrated within the radiator to achieve the task. The antenna is designed and fabricated, and its response in each case is provided. Moreover, the antenna exhibits a good radiation pattern with a stable gain in the passband. The present antenna is also compared to state-of-the-art structures proposed in the literature. The miniaturized dimensions (30 × 31 mm 2 ) of the antenna make it an excellent candidate for UWB and personal wireless communication applications.
was achieved using these split ring resonators. However, they affected the radiation performance as explained above. Nevertheless, no one has tried to integrate Bluetooth within the UWB using a resonator with the addition of capacitors.
In this paper, a miniaturized UWB band-notched antenna operating at the UWB and Bluetooth frequency bands is developed. This antenna operates well from 2.4-2.484 GHz and 3.1-10.6 GHz, with a band-notched frequency band for WLAN suppression. The miniaturized resonator is utilized to integrate the Bluetooth band within the UWB band in an innovative way. First, a conventional UWB antenna is designed and then modified to a single notched antenna using a slot resonator. Then, a resonance band for Bluetooth is generated within a single notched antenna using the combination of the miniaturized resonator with capacitors.
This study is organized as follows: Section 2 outlines the antenna's geometries and design guidelines along with the resonator analysis. Section 3 comprises the results and discussions in terms of the reflection coefficient of the designed antennas in Section 2. Section 3 also covers the measurement and fabrication of the Bluetooth integrated UWB band-notched antenna. Section 4, which is followed by a conclusion, illustrates the originality of the proposed technique compared to other state-of-the-art designs. Figure 1a shows the conventional reference UWB antenna designed using [26] . It features a radiator combined with a rectangular and semi-circular patch with an edge-curved modified ground plane. The radiating patch is fed by a 50 Ohm CPW line. The reference antenna was also fabricated for validation purposes, and its prototype is shown in Figure 1b . The antenna was designed on a Rogers RO4003 substrate with a thickness of 1.5 mm and a relative dielectric constant of ε r = 3.38. Figure 2a shows the single notched UWB antenna with a filtering effect at the WLAN frequency band and is termed as Antenna 1. This antenna was designed using a conventional slot resonator with an effective length equivalent to a half wavelength at the center frequency of 5.5 GHz. A miniaturized slot resonator was introduced in the partial ground plane with an effective length corresponding to 3.0 GHz. This antenna is termed as Antenna 2. An antenna was then designed to integrate Bluetooth within the single notched UWB antenna and is termed Antenna 3, as shown in Figure 2b . This antenna consists of a miniaturized resonator with integrated capacitors of 0.5 pF. The dimensions and other important design parameters of the final structure are shown in Figure 2b and mentioned in Table 1 . 
Design Geometry and Analysis of the Resonator

Analysis of the Implemented Resonators
For the initial choice of the resonator placed within the radiating patch, the design equation implemented at a desired notched band frequency fnotch (5.5 GHz) is calculated using the following equation:
where, ′ for this resonator is calculated using the equation below: 
For the initial choice of the resonator placed within the radiating patch, the design Equation implemented at a desired notched band frequency f notch (5.5 GHz) is calculated using the following Equation:
where, ε e f f for this resonator is calculated using the Equation below: The resonator integrated to achieve Bluetooth within a single notched UWB antenna was also investigated and analyzed. The effective permittivity, ε e f f , and effective permeability, µ eff, for this resonator can be determined using the following relations [26, 36] :
where Z TL represents the reference transmission line characteristic impedance and Γ is the reflection coefficient, while Z TL a represents the transmission line impedance when filled with air, n signifies the refractive index, and l represents the effective length of the miniaturized resonator. The overall length of the miniaturized resonator is almost half of the guided wavelength at 3 GHz (where λg represents the guided medium wavelength), while the coefficient signifies coupling, which can be given as n =
, where Z os signifies the slot resonator impedance and Z (cpw) represents the CPW fed line impedance. We determined the resonator's reflection coefficient (S 11 ) and transmission coefficient (S 21 ) by considering the resonator as a matched two-port network. When the capacitor value (Cap) is 0 pF, the resonator behaves as an open circuit and resonates at 3.0 GHz. Increasing the Cap to 0.5 pF shifts the 3 GHz frequency band towards the lower frequency and generates another resonance passband at 2.45 GHz.
Results and Discussions
The above antennas were designed and optimized using the commercially available EM software, Ansoft HFSS. The reference antenna was simulated and successfully covered the whole UWB frequency spectrum. The reflection coefficient of the reference UWB antenna is shown in Figure 3 , which clarifies that antenna operated from 3.1 GHz to 10.6 GHz. Next, a single notched UWB antenna was designed using the conventional slot resonator technique. The effective length of the slot resonator corresponds to the 5.5 GHz center frequency of the WLAN frequency band. Furthermore, the slot resonator was optimized parametrically, and the response is shown in Figure 4 . A miniaturized novel resonator was subsequently introduced to the partial ground plane whose effective length corresponded to the 3.0 GHz frequency band and was analyzed using Equations (1)- (6) . This antenna was termed Antenna 2; its response is also shown in Figure 4 . A Bluetooth integrated UWB band-notched antenna was then developed by introducing capacitors within the miniaturized resonator. The value of the capacitor was also adjusted and optimized parametrically. This antenna is termed Antenna 3; its reflection coefficient plot is shown in Figure 4 , which shows that Antenna 3 operated at the UWB frequency band (3.1-10.6 GHz), as well as Bluetooth (2.4-2.484 GHz), with band-notch characteristics at the WLAN frequency band (5-6 GHz). 
Optimizing the Capacitor Values and the Antenna's Response Comparison
The capacitor values were optimized parametrically by changing from 0.1 pF to 0.5 pF. It is well known that increasing the capacitor value within the resonator will shift the passband towards the lower frequencies, as increasing the capacitor value also increases the resonator's effective length. This concept was utilized, and the capacitors were integrated within the miniaturized resonator. The position of the capacitor was also optimized. At capacitor value = 0.3 pF, the passband is almost shifted to 2.7 GHz, and by further increasing its value to 0.5 pF, the passband is shifted to 2.45 GHz. The trend of frequency shifting can be clearly seen in Figure 5 . The reference antenna and other three antenna's responses were correlated and plotted in one figure to properly understand the concept. This comparison of the antenna's response is shown in Figure 4 . As investigated earlier, adding a capacitor within the resonator shifts the resonance towards the lower frequency bands due to an increase in the electrical length of the resonator [37] .
The effect of variable l2 on the response of the Bluetooth integrated UWB antenna is also analyzed parametrically and shown in Figure 6 . As Figure 6 demonstrates, increasing l2 also shifts the 
The capacitor values were optimized parametrically by changing from 0.1 pF to 0.5 pF. It is well known that increasing the capacitor value within the resonator will shift the passband towards the lower frequencies, as increasing the capacitor value also increases the resonator's effective length. This concept was utilized, and the capacitors were integrated within the miniaturized resonator. The position of the capacitor was also optimized. At capacitor value = 0.3 pF, the passband is almost shifted to 2.7 GHz, and by further increasing its value to 0.5 pF, the passband is shifted to 2.45 GHz. The trend of frequency shifting can be clearly seen in Figure 5 . The reference antenna and other three antenna's responses were correlated and plotted in one figure to properly understand the concept. This comparison of the antenna's response is shown in Figure 4 . As investigated earlier, adding a capacitor within the resonator shifts the resonance towards the lower frequency bands due to an increase in the electrical length of the resonator [37] . The effect of variable l 2 on the response of the Bluetooth integrated UWB antenna is also analyzed parametrically and shown in Figure 6 . As Figure 6 demonstrates, increasing l 2 also shifts the WLAN notched band towards the lower frequencies provided in Equation (1) . Similar phenomena were also observed for W 3 , W 6 , and l 11 , as mentioned in Equation (1) . To validate these results, the length of W3 was slightly increased, as shown in Figure 7 . The same behavior was observed as the WLAN notched band shifted towards lower frequencies. These parameters (shown in Figures 6 and 7 , respectively) had no effect on the integrated Bluetooth band. The variables l 6 and l 8 had a very minor effect on the response of the antenna, as shown in Figure 8 . However, l 6 was chosen in such a way that it had symmetrical strips on the top and bottom, which is further represented by l 8 .
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bands.
The simulated gain of the UWB antenna with integrated Bluetooth is also provided in Figure 11 . Figure 11 . The measured radiation patterns of the Bluetooth integrated band-notched UWB antenna at different frequencies were measured in an anechoic chamber corresponding to frequencies 2.45 GHz (Bluetooth), 4.6 GHz (UWB), and 7.2 GHz (UWB). The E-plane and H-plane measured radiation patterns are displayed in Figure 10 . The setup was adjusted in such a way that the radiation patterns at both planes were measured at each one-degree step size. As previously seen in [12] , increasing the measurement points and decreasing the step size greatly enhanced the uniformity and pattern factor. The measured radiation pattern was consistent and clean at both the Bluetooth and UWB frequency bands.
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Comparison with Other State-of-the-Art Designs
The developed technique of integrating Bluetooth within a UWB band-notched antenna was also compared with the related literature in terms of antenna dimensions, operating frequency bands, dielectric constant, and method of integration. This comparison is listed in Table 2 , which also reveals that the present antenna has an advantage over the other designs based on of the selected parameters. Moreover, our method of integrating a certain frequency band within the designed antenna differs significantly from previous work. 
Conclusions
A simple and compact band-notched UWB (Ultra-Wide Band) antenna with integrated Bluetooth was developed for personal wireless communication and UWB applications. The antenna operates at the UWB frequency band (3.1-10.6 GHz) as well as with Bluetooth (2.4-2.484 GHz) with band-notch characteristics at the WLAN frequency band (5-6 GHz). A new way to integrate Bluetooth within a UWB band-notched antenna has been developed and analyzed. The Bluetooth band is integrated within a UWB antenna using a miniaturized resonator with the addition of capacitors. A conventional slot resonator is also integrated within the radiator to remove WLAN interference. The antenna is designed as well as fabricated, and the simulated response is correlated with the measured one. The antenna exhibits a good radiation pattern with a stable gain in the passband. The miniaturized dimensions (30×31mm 2 ) of the antenna will make it an excellent candidate for UWB and personal wireless communication applications.
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